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cells infected with a nontoxinogenic strain secreted tumor necrosis factor (TNF)-a, interleukin (IL)-10, and IL-6. LT-secreting strains inhibited overall cytokine secretion, whereas the ET-secreting strain inhibited only TNF-a secretion and increased IL-6 secretion. Similar results were obtained after preincubation with purified toxins. Our results suggest that anthrax toxins secreted during infection impair LDC function and suppress the innate immune response.
Bacillus anthracis is a gram-positive, spore-forming bacterium and is the causal agent of zoonotic anthrax disease. It has recently become a major concern, after its use as a bioweapon in terrorist attacks in 2001. B. anthracis has 2 major virulence factors: (1) the capsule encoded by the plasmid pXO2 and (2) the 2 toxins produced by the association of 3 factors encoded by the plasmid pXO1. These 3 factors are protective antigen (PA), lethal factor (LF), and edema factor (EF). PA associates with LF to form lethal toxin (LT) and associates with EF to form edema toxin (ET). PA binds to at least 2 cellular receptors and, after being cleaved by a furin-like protease, self-assembles to form a hep-tameric prepore that facilitates the entry of LF/EF moieties into the cytosol, where they exert their toxic activities [1] . LF is a zinc-dependent metalloprotease that cleaves most of the mitogen-activated protein kinase kinases [2] , whereas EF is a calcium-and calmodulindependent adenylate cyclase that increases intracellular cAMP concentration [3, 4] .
The pathogenesis of inhalational anthrax disease, especially the crucial step of crossing the alveolocapillar space, is not well understood [5, 6] . Inhaled spores are phagocytosed in the alveolar spaces by antigen-presenting cells (APCs). Phagocytes then carry the spores from the alveolus to the mediastinal lymph nodes [7, 8] . The spores germinate within their intracellular niche and release vegetative bacteria extracellularly, which causes septicemia associated with a release of the toxins and, ultimately, causes host death. For decades, research focused on alveolar macrophages (AMs), which were thought to be the "Trojan horse" for the pathogen [9] . However, AMs are not thought to play a role in antigen traffic to lymph nodes [10] . Also, macrophage-depleted mice are still susceptible to aerosol infection, demonstrating the crucial role of another, as-yet-unidentified population of cells [11] . Resident lung dendritic cells (LDCs) are strong candidates for this population, since they have been clearly identified among the various lung phagocytes.
A crucial function of LDCs is to capture antigens at alveolar sites and deliver them to mediastinal lymph nodes to mount an efficient adaptive immune response [12] . Previous studies have shown that LT impairs murine bone marrow-derived, spleen-derived, and human monocyte-derived DC cytokine secretion [13] [14] [15] [16] . Although these studies have shown the host response mechanism to the pathogen, they have given no clue as to the early interactions after inhalation of the spores, because pulmonary-tract APCs have particular phenotypic and functional properties. For example, the CD11c antigen (integrin a x b 2 ) is expressed by both LDCs and AMs, whereas it is expressed only by DCs in other organs [17] [18] [19] [20] . Therefore, several studies have shown that the purification of lung parenchymal cells results in several APC populations, depending on the expression of CD11c and CD11b [17, 19] or CD11c and MHC class II molecules [18] . Also, pulmonary CD11c + cells usually can secrete high levels of anti-inflammatory cytokines, such as interleukin (IL)-10 [21] , and of proinflammatory cytokines, such as IL-6 [22] and tumor necrosis factor (TNF)-a. These special functional abilities of CD11c + cells could be related to the need to protect an infected lung from inflammatory injuries.
Given the particular characteristics of LDCs, we hypothesized that anthrax toxins could have significantly different effects on LDCs than on bone marrow-derived DCs (BMDCs). By focusing on LDCs, we were able to obtain more-accurate data on the early effects that toxins have on the primary interactions between B. anthracis spores and resident lung cells. This should provide more physiological data on the early effects of each anthrax toxin after inhalation.
Here, we show that LDCs are more efficient than AMs at phagocytosing anthrax spores. Moreover, phagocytosis of LTsecreting spores inhibited LDC maturation and impaired overall cytokine secretion by CD11c + cells. In contrast, phagocytosis of ET-secreting spores did not affect LDC maturation but inhibited the secretion of TNF-a and up-regulated the secretion of IL-6. Our results strongly suggest that anthrax toxins have specific effects on LDCs.
MATERIALS AND METHODS
Mice. Male 6-12-week-old BALB/c (H-2 d ) mice (Janvier) were housed in clean, standard conditions at our animal-care facility. The local ethics committee approved our animal experiments.
B. anthracis strains. We used the following B. anthracis strains: the parental Sterne strain 7702 (pXO1 + ); single-mutant derivatives RP10 Dlef and RP9 Dcya, which secrete PA-EF and PA-LF, respectively [23] ; and double-mutant RP42 Dlef/Dcya, which secretes PA only [24] (all from M. Mock, Institut Pasteur, Paris, France).
Isolation of CD11c
+ cells from lung and generation of BMDCs. BALB/c mice were killed, and bronchoalveolar lavage (BAL) was performed 4 times, by intratracheal instillation of 1 mL of PBS (Gibco; Invitrogen) supplemented with 2 mmol/ L EDTA (Sigma-Aldrich). The thoracic cavity was opened, and lungs were perfused with 5 mL of PBS-2 mmol/L EDTA via the right ventricular cavity of the heart. The lungs were aseptically removed, cut into small pieces, and digested twice, in RPMI 1640 medium (Sigma-Aldrich) containing collagenase type I (1 mg/mL; Worthington Biochemical) and DNAse I (50 U; Sigma-Aldrich), by incubation for 30 min in a humidified incubator at 37ЊC in a 5% CO 2 atmosphere. Enzyme activity was stopped by washing the digested tissues in PBS-10 mmol/ L EDTA for 10 min on ice. The digested lungs were further disrupted by gently forcing the tissue through 2 nylon screens (pore size, 70 mm and 40 mm; BD Biosciences). After red-bloodcell lysis (in NH 4 Cl solution), cells were separated using CD11c microbeads (Miltenyi Biotec). We collected the positive fraction, and cell suspensions were counted and viability assessed by trypan-blue exclusion. All reagents used for isolation and culture of cells were certified as being endotoxin free. BMDCs were generated as described elsewhere [15, 25] .
In vitro infection and toxin-exposure conditions. CD11c + cells were seeded at cells/mL in RPMI 1640 medium 6 1.5 ϫ 10 supplemented with 5% fetal bovine serum (FBS; Invitrogen) and 2 mmol/L l-glutamine (Sigma-Aldrich) for 1 h in a humidified incubator at 37ЊC in a 5% CO 2 atmosphere. Spores of B. anthracis were heat activated (70ЊC for 10 min), and cells were infected with the spores for 1 h at an MOI of 20 [15, 26, 27] . The cells were washed twice in RPMI supplemented with 2.5 mg/mL gentamycin (Invitrogen) to kill any remaining extracellular bacteria [26] and were resuspended in RPMI-5% FBS-gentamycin. After 17 h of culture, followed by centrifugation, supernatants were sampled, and cells were harvested. Noninfected CD11c + lung cells were used as negative controls. For intoxication with purified toxins, the CD11c + cells were preincubated with PA (1 mg/mL) and/or LF and/or EF at either 1 or 10 ng/mL (all 3 components from List Biological Laboratories) for 2 h. RP42 (LT Ϫ /ET Ϫ ) strain spores were added and incubated for 1 h at an MOI of 20. Cells were then washed twice. Fresh culture medium containing gentamycin (2.5 mg/ mL) was added, and the culture supernatants and cells were sampled 17 h later. BMDCs were seeded at cells/mL 6 1.5 ϫ 10 and infected as described above.
Phenotypic analysis. Cells were incubated with FcR blocking antibody (anti-mouse CD16/CD32 antibody, clone 2.4G2; BD Biosciences) to reduce nonspecific binding. We used the following monoclonal antibodies (MAbs; all from BD Biosciences): anti-I-A d -fluorescein isothiocyanate (FITC) (clone AMS-32.1), anti-CD86-FITC (B7-2, clone GL1), anti-I-A/I-E-phycoerythrin (PE) (clone M5/114.15.2), anti-CD40-PE (clone 3/23), anti-CD80-PE (B7-1, clone 16-10A1), anti-CD11b-FITC or -PE (clone M1/70), and anti-CD11c-biotin (clone HL3). Cells were incubated for 30 min at 4ЊC with different combinations of MAbs. APC-conjugated streptavidin was used after incubation with biotinylated MAb. Cells were fixed with 4% paraformaldehyde before analysis.
Phagocytosis analysis. Sterne spores were heat activated (70ЊC for 10 min) before incubation for 30 min on ice with FITC-labeled anti-BclA MAb (4B7G12; obtained from P. Sylvestre, Institut Pasteur, Paris, France). Cells were preincubated with anti-CD16/32 antibodies to avoid receptor Fc-mediated phagocytosis and were infected for 30 min at 37ЊC with the Sterne spores stained by anti-BclA antibodies at an MOI of 20. The cells were washed twice and stained for CD11c and CD11b markers as described above. The cells were fixed before analysis.
Cytokine and chemokine measurement in supernatants and TNF-a intracellular staining. TNF-a was measured in 18-h cell-culture supernatants by use of ELISA kits (R&D Systems). IL-6, IL-10, IL-12p70, IFN-g, and monocyte chemoattractant protein (MCP)-1 were measured using a cytometric-bead-array multiplex detection system (BD Biosciences).
For intracellular staining, CD11c + cells were infected as described above. After 1 h in medium supplemented with gentamycin (2.5 mg/mL), brefeldin A (5 mg/mL) was added as described elsewhere [25] . Cells were labeled with CD11c and CD11b surface markers as described above and with an intracellular TNF-a-PE MAb (BD Biosciences) for 1 h at 4ЊC. The cells were fixed before analysis.
Flow cytometry and statistical analysis. Cell acquisition was performed on a FC500 (Beckman Coulter), and the data were analyzed by CXP software (version 2.0; Beckman Coulter). The cell distributions were compared using the KolmogorovSmirnov test.
Statistical analysis was performed using SigmaStat software (version 3.0; Systat). Statistical differences between the groups were determined by a factorial analysis of variance (1-way analysis of variance; Holm-Sidak method).
RESULTS

Characterization of LDCs in BALB/c mice.
We first characterized the major subsets of APCs present in murine lungs. We performed flow cytometry, using antibodies against the CD11b and CD11c antigens that are known to be differentially expressed by AMs and LDCs [17, 28] . After digestion, total lung cells showed 3 different CD11c/CD11b expression patterns, as has been demonstrated in previous studies (figure 1A) [17] [18] [19] . The AMs, which represented 14.6% of the total cells, characteristically expressed CD11c high /CD11b low markers. LDCs (3.5%) represented the double-positive population and expressed intermediate (int) levels of the 2 markers. A third population of cells expressed only the CD11b marker (10.3%). These cells were either interstitial macrophages (IMs) [28] or monocytes, as has been proposed elsewhere [18, 29] . The BAL samples contained a large CD11c high /CD11b low population (64.4%) ( figure  1A) . Furthermore, these cells were highly autofluorescent (data not shown), which was consistent with previous data showing that BAL fluid contains mainly AMs [30] and confirmed the AM phenotype observed in the total lung cells.
We next looked at purified AMs and LDCs from lungs. These are thought to play a crucial role in inhalational anthrax. We isolated these 2 APC subsets by using magnetic microbeads to separate cells expressing CD11c. After purification, we obtained enriched populations of CD11c + total lung cells (figure 1B): AMs (CD11c high /CD11b low ) represented 67.5% and LDCs (CD11c int / CD11b int ) represented ∼10% of the purified cells. We could clearly identify these populations on the basis of cell autofluorescence and the expression of MHC class II molecules [18, 19] . The AMs (gate R1) were highly autofluorescent and did not express MHC class II molecules ( figure 1C, panel R1) , whereas the LDCs (gate R2) were less autofluorescent and expressed an intermediate level of MHC class II molecules ( figure  1C, panel R2 ). Freshly isolated LDCs showed an immature phenotype with no expression of the costimulatory molecules CD40, CD80, and CD86 ( figure 1D ). However, after overnight culture, the expression of CD80, CD86, and MHC class II molecules was up-regulated in these LDCs ( figure 1D ) [31] .
Infection of CD11c + cells by spores of B. anthracis. We studied the early events of inhalational anthrax by infecting , and RP42 (LT Ϫ /ET Ϫ ). We assessed cell viability by 7-aminoactinomycin D (7-AAD) staining after 18 h of culture. We found that the different strains did not affect either cell viability or the expression of CD40 and CD80 markers (data not shown).
We next compared the efficiency of each major lung APC population in the phagocytosis of anthrax spores ( figure 2A) . We observed that more LDCs than AMs phagocytosed anthrax spores ( vs. , respectively). Moreover, 84% ‫ע‬ 3.5% 61% ‫ע‬ 9% LDCs phagocytose more anthrax spores than do AMs, as assessed by the mean fluorescence intensity (MFI) ( , P ! .000001 Kolmogorov-Smirnov test). Spore phagocytosis was also less efficient for IMs and AMs from BAL fluid (figure 2B). These results suggest that LDCs were the most efficient lung APCs in the phagocytosis of anthrax spores.
Effects of toxins on LDC maturation after spore infection or intoxication. We then specifically focused on LDCs, by gating the analysis on CD11c + cells after magnetic selection. After 18 h of culture, we observed that a subset of noninfected CD11c int /CD11b int LDCs (∼2%-5% of the population) spontaneously expressed high levels of MHC class II molecules and figure 3A and 3B ). This LDC subset was observed after infection by both the atoxinogenic strain RP42 (LT Ϫ /ET Ϫ ) and the ET-secreting strain RP10 (LT Ϫ / ET + ) (4.63% and 4.28%, respectively) ( figure 3A) . In contrast, the percentage of this LDC subset was decreased after infection by both LT-secreting strains, RP9 (LT + /ET Ϫ ) and Sterne (LT + / ET + ) (to 0.61% and 0.66%, respectively). Therefore, we preincubated the CD11c + lung cells with purified toxins, to confirm the direct effect of LT on LDCs during infection. Preincubation with either PA or ET only (1 or 10 ng/mL) did not change the highly mature double-positive MHC class II + /CD86 + population subset ( figure 3B ). In contrast, the percentage of this subset decreased in a dose-dependent manner after treatment with LT (to 1.00% at 1 ng/mL of LT and to 0.29% at 10 ng/mL of LT). Furthermore, after treatment with ET and LT together at 1 ng/mL, the highly mature cell subset was not as affected as after treatment with LT alone (1.44% for the ET-LT group vs. 1.00% for the LT group). However, when the ET-LT concentrations reached 10 ng/mL, we observed the same decrease as for LT at 10 ng/mL alone (to 0.21% and 0.29%, respectively).
CD86 costimulatory molecules (
We next assessed the effect of LT on BMDCs. The atoxinogenic strain induced a mature double-positive MHC class II high /CD86 high population. However, none of the LT-and/or ET-secreting strains affected this cell subset ( figure 3C ). The same results were obtained after intoxication (data not shown). These results suggested that LT specifically impairs LDC maturation.
Effects of toxins on CD11c + lung cell cytokine secretion after spore infection or intoxication. We assessed in parallel the secretion of cytokines (TNF-a, IL-6, IL-10, IL-12p70, and IFNg) and of the chemokine MCP-1, 18 h after infection, in the CD11c + lung cell supernatants. After infection with the atoxinogenic strain, RP42 (LT Ϫ /ET Ϫ ), the CD11c + lung cells secreted proinflammatory cytokines (TNF-a and IL-6) and the antiinflammatory cytokine IL-10 ( figure 4A ), but they did not secrete significant levels of IL-12p70, IFN-g, or MCP-1 (data not shown).
After infection with a strain either secreting both toxins , we observed that TNF-a secretion was intermediately inhibited and that IL-6 secretion was up-regulated, compared with the atoxinogenic strain. We did not observe any modification of IL-10 secretion after infection with the RP10 strain. CD11c + lung cell supernatants were analyzed using the same multiplex detection system 18 h after preincubation with purified toxins (figure 4B). We observed that control CD11c + lung cells infected with RP42 (LT Ϫ /ET Ϫ ) spores secreted high levels of TNF-a, IL-6, and IL-10. Preincubation with PA alone did not modify cytokine secretion, compared with that in the control group. However, preincubation with LT inhibited cytokine secretion by these cells. In contrast, incubation of CD11c + lung cells with ET did not affect IL-10 or IL-6 secretion, whereas we observed an intermediate inhibition of TNF-a secretion. The combination of LT and ET at 10 ng/mL inhibited all cytokines. These results were highly consistent with our data showing the effect of infection with spores secreting or not secreting the toxins.
Simultaneously, we analyzed the effect of LT-secreting strains on BMDCs (figure 4C). As was observed for LDCs, BMDCs secreted high levels of TNF-a and IL-10 after infection with the atoxinogenic strain. In contrast to LDCs, they also secreted IL-12p70, a major Th1-inducing cytokine. The LT-secreting strains (Sterne and RP9) inhibited overall cytokine secretion, whereas the ET-secreting strain (RP10) inhibited TNF-a secretion, did not modify IL-12p70 secretion, and enhanced IL-10 secretion, in contrast to the effect seen in LDCs.
Cytokine detection in supernatants reflects secretion by a heterogeneous cell population. To discriminate each cell population, we investigated the regulation of TNF-a secretion at the single-cell level by intracellular staining. We focused on AMs and LDCs by gating the population for CD11b and CD11c expression, as described above (figure 5A). Our results showed that both AMs and LDCs secreted TNF-a (figure 5B). Infection with the Sterne (LT + /ET + ) strain inhibited TNF-a secretion by both AMs and LDCs, compared with the RP42 strain. We observed a decrease in TNF-a + cell percentage ( , P ! .000001 Kolmogorov-Smirnov test), as well as in TNF-a MFIs (P ! , Kolmogorov-Smirnov test), for each population. These .000001 results showed that the toxinogenic Sterne strain inhibited TNF-a secretion at the single-cell level.
DISCUSSION
In our study, we investigated-for the first time, to our knowledge-the effects of toxins after incubation of relevant LDCs with B. anthracis spores. Early events in B. anthracis infection are thought to be crucial for the outcome of the infection, because the immune responses were completely abolished in patients who died during the 2001 outbreak of inhalational anthrax [32] . We show that LT and ET impair early LDC functions and show that toxins may play a crucial role in switching off the immune response in inhalational anthrax infection. This is the first study showing how anthrax toxins act after infection of LDCs. Most previous studies have used AMs, because these cells, which are the major cell population in BAL samples, are easier to isolate [27] and because only very recently has a clear distinction between the different subpopulations of CD11c + cells in murine lungs been described [17] [18] [19] [20] . Here, we show that multiparametric analysis of the cellular populations present in the whole lung is essential for differentiating the LDCs and the AMs. These 2 populations have important phenotypic and functional differences. We have discriminated between LDCs and AMs on the basis of their expression of CD11b/CD11c antigens and MHC class II molecules, as well as their autofluorescence. Using this strategy, we are able to study the differential expression of maturation markers, such as CD86 and MHC class II molecules, by LDCs, in addition to spore phagocytosis.
Our results show that LDCs are significantly more efficient than AMs for spore phagocytosis. This has several consequences with regard to host-pathogen interactions. Because LDCs are able to migrate to the mediastinal lymph nodes, their increased capacity to phagocytose spores makes it easier for the pathogen to cross the alveolocapillar wall. A previous study has shown that secretion of anthrax toxin by the germinated spores enables B. anthracis to kill from within [33] . Therefore, the greater ability of LDCs to phagocytose spores may provide a strong advantage for the pathogen to spread by the pulmonary route.
LDCs are also highly sensitive to LT. We observed that LT inhibits, in a dose-dependent manner, maturation characterized by the coexpression of CD86 and MHC class II molecules. This maturation inhibition may lead to an aberrant ability to activate and coordinate the adaptive immune response. The presentation of antigens in this way could lead to an anergy of the specific T cell clone or to the development of T regulator cells.
Finally, ET and LT have very different effects on CD11c + lung cells. LT inhibited the secretion of IL-6, IL-10, and TNF-a. Although ET inhibited the secretion of TNF-a, it did not affect IL-10 secretion, and IL-6 secretion was enhanced. A previous study has shown that human monocytes stimulated by lipopolysaccharide and incubated with ET have enhanced IL-6 secretion [34] . The high levels of IL-6 and IL-10 secretion observed with ET clearly favor the development of a Th2 immune response. We have previously shown that ET has a strong adjuvant effect on the humoral and PA response that could be linked to a Th2 shift [35] . Indeed, it has been specifically shown that IL-6 secreted by APCs polarizes T cells toward a Th2 response [22] , whereas IL-10 secretion mediates tolerance [21] . ET may further trigger the development of T regulator cells, as has previously been shown for cholera toxin, another bacterial toxin that increases intracellular cAMP concentration [36] .
We did not observe phenotypic maturation inhibition in BMDCs. Furthermore, we observed very different cytokine secretion patterns for lung CD11c + cells and BMDCs. These re-sults stress the need to evaluate the effects of toxins in relevant cells. Finally, the results presented here describe the effects of B. anthracis toxins on LDCs that may be relevant for understanding inhalational anthrax physiopathologic mechanisms. These results require further investigation using an in vivo model of inhalational anthrax to determine which cells are involved in spore migration.
